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Electrical coupling between some subclasses of interneurons is thought to promote coor-
dinated ﬁring that generates rhythmic synchronous activity in cortical regions. Synaptic
activity of cholecystokinin (CCK) interneurons which co-express cannabinoid type-1 (CB1)
receptors are powerful modulators of network activity via the actions of endocannabinoids.
Weinvestigatedthemodulatoryactionsofendocannabinoidsbetweenchemicallyandelec-
trically connected synapses of CCK cells using paired whole-cell recordings combined with
biocytin and double immunoﬂuorescence labeling in acute slices of rat hippocampus at
P18–20 days. CA1 stratum radiatum CCK Schaffer collateral-associated cells were coupled
electrically with each other as well as CCK basket cells and CCK cells with axonal projec-
tions expanding to dentate gyrus. Approximately 50% of electrically coupled cells received
facilitating, asynchronously released inhibitory postsynaptic potential (IPSPs) that curtailed
the steady-state coupling coefﬁcient by 57%. Tonic CB1 receptor activity which reduces
inhibition enhanced electrical coupling between cells that were connected via chemical
and electrical synapses. Blocking CB1 receptors with antagonist, AM-251 (5μM) resulted
in the synchronized release of larger IPSPs and this enhanced inhibition further reduced the
steady-state coupling coefﬁcient by 85%. Depolarization induced suppression of inhibition
(DSI), maintained the asynchronicity of IPSP latency, but reduced IPSP amplitudes by 95%
and enhanced the steady-state coupling coefﬁcient by 104% and IPSP duration by 200%.
However, DSI did not did not enhance electrical coupling at purely electrical synapses.
These data suggest that different morphological subclasses of CCK interneurons are inter-
connected via gap junctions. The synergy between the chemical and electrical coupling
between CCK cells probably plays a role in activity-dependent endocannabinoid modulation
of rhythmic synchronization.
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INTRODUCTION
Network oscillations are thought to be generated by combined
synchronous entrainment of inhibitory postsynaptic potentials
(IPSP)ontopyramidalcells.Moreoverinterneuronsthatareinter-
connectedelectricallypromotecoordinatedﬁring,contributingto
the generation, and stability of rhythmic synchronous network
activityinseveralbrainregions(GalarretaandHestrin,1999;Gib-
sonetal.,1999;KoosandTepper,1999;Hormuzdietal.,2001;Best
and Regehr, 2009). In the central nervous system electrical cou-
plinghasbeenreportedtoexistduetogapjunctionsbetweenden-
drites (Sloper,1972;Kosaka and Hama,1985)a sw e lla sa x o n sa n d
somaanddendrites(PappasandBennett,1966;Tamasetal.,2000).
The diverse sub-populations of interneurons are characterized
bycriteriasuchasneurochemicalmarkerexpression,dendriticand
Abbreviations: AM-251, 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-
(1-piperidyl)pyrazole-3-carboxamid; CB1, cannabinoid receptor type-1; CCK,
cholecystokinin; DSI, depolarization induced suppression of inhibition; IPSP,
inhibitory postsynaptic potential; LM–PP, lacunosum moleculare–perforant path;
SCA, Shaffer collateral-associated;VIP, vasoactive intestinal polypeptide.
axonal morphology, and electrophysiological properties (Freund
andBuzsaki,1996;SomogyiandKlausberger,2005).Oftenelectri-
cal synapses are made speciﬁcally among interneurons belonging
to the same subclass and one such subtype being the parvalbumin
expressing fast spiking interneuron, thought to be responsible for
gamma frequency oscillation (Cobb et al., 1995; Gibson et al.,
1999; Tamas et al., 2000; Blatow et al., 2003; Mancilla et al., 2007;
Hjorth et al., 2009). However, recent studies have demonstrated
that several other non-fast spiking subclasses of interneurons in
the neocortex are interconnected via electrical synapses,including
neocortical irregular-spiking interneurons that express cannabi-
noid type-1 (CB1) receptors (Galarreta et al., 2004, 2008 see also,
Gibson et al., 1999) and calretinin interneurons (Caputi et al.,
2009). The exception to this rule seems to be the neuroglia form
(NGF) cell, as they are coupled electrically with each other as
well as to other interneuron subclasses in the neocortex (Simon
et al., 2005). Whether parallels exist in the hippocampal network
of non-fast spiking interneurons needs to be investigated.
A speciﬁc group of hippocampal CA1 interneurons expressing
cholecystokinin (CCK) often co-express CB1 receptors (Katona
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et al., 1999; Marsicano and Lutz, 1999; Bodor et al., 2005). CB1
receptors are involved in a variety of activity including mediat-
ing depolarization induced suppression of inhibition (DSI; Llano
et al., 1991; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001;
Ali, 2007) and in modulating rhythmic oscillatory activity by
disrupting spike timing (Hajós et al., 2000; Robbe et al., 2006).
Previously it has been demonstrated that these cells in CA1 can
make dual electrical and chemical synapses with each other (Ali,
2007), however the role for this dual connectivity between CCK
cells has not been investigated and there is still much to be under-
stood about the speciﬁc roles of CCK hippocampal interneurons.
CCK cells that are connected chemically have the ability to allow
more temporal and spatial ﬂexibility as they can switch between
synchronous and asynchronous release of GABA via CB1 recep-
tors (Ali and Todorova, 2010). Whether these modulatory actions
extend to modulating electrically coupled CCK synapses that
are also paired with chemical synapses was investigated using
dual whole-cell recordings combined with biocytin and double
immunoﬂuorescence labeling in acute slices of P18–20 day old rat
hippocampus.
EXPERIMENTAL PROCEDURES
SLICE PREPARATION
Male Wistar rats (postnatal day, P18–20) were anesthetized by an
intraperitoneal injection of sodium Pentobarbitone (60mgkg−1
Euthatal,Merial,UK) and perfused transcardially with 50–100ml
ice-cold modiﬁed artiﬁcial cerebrospinal ﬂuid (ACSF). This mod-
iﬁed ACSF contained (mM): 248 sucrose, 25.5 NaHCO3, 3.3 KCl,
1.2KH2PO4, 1.0MgSO4, 2.5CaCl2,and15d-glucose,equilibrated
with95%O2/5%CO2.Theanimalswerethendecapitatedandthe
brain removed, these procedures were reviewed by ethical com-
mittees and comply with British Home ofﬁce regulations for the
use of animals.
Coronal sections of cerebral cortex and hippocampus,300μm
thick,werecutusingavibratome(Leica,Germany).Thesliceswere
incubatedfor1hinstandardACSFcontaining(inmM):121NaCl,
2.5 KCl, 1.25 NaH2PO4,2C a C l 2, 1 MgCl2, 26 NaHCO3,2 0g l u -
cose and 5 pyruvate, and equilibrated with 95% O2/5% CO2.F o r
recordings, slices were transferred to a submerged-style chamber
and perfused at 1–2ml/min with the standard ACSF.
PAIRED RECORDINGS
Simultaneous dual whole-cell somatic recordings were made in
current clamp between electrophysiologically identiﬁed CA1 stra-
tum radiatum (SR) and stratum lacunosum moleculare (SLM)
interneurons. Cells of each recorded pair were visually selected
using video-microscopy under near-infrared differential interfer-
encecontrast(DIC)illumination.Interneuronswereselectedwith
round or oval somata and further characterized from their ﬁr-
ing properties. Experiments were conducted at room temperature
(20–22˚C) with patch pipettes (resistance 8–10MΩ) pulled from
borosilicate glass tubing and ﬁlled with an internal solution con-
taining(inmM):144K-gluconate,3MgCl2, 0.2EGTA,10HEPES,
2N a 2-ATP, 0.2 Na2-GTP, and 0.02% w/v of biocytin (pH 7.2–7.4,
300mOsm).
Trainsofpresynapticactionpotentialswereelicitedbyinjecting
200ms pulses of 0.1nA,depolarizing current into the presynaptic
interneuron, repeated at 0.33Hz (SEC 05L/H, npi electron-
ics, GmbH, Germany). Postsynaptic interneurons were held at
between −55 and −70mV. Electrical synapses between pairs of
interneurons were studied by injecting 200ms current pulses
ranging from −0.05 to +0.1nA in one cell and observing the
passive transfer in the other (postsynaptic cell) at several different
membrane potentials.
Postsynaptic responses recorded in interneurons were ampli-
ﬁed, low-pass ﬁltered at 2kHz, digitized at 5kHz using a CED
1401 interface, and recorded on disk for off-line analysis.
DSI protocol
Depolarization induced suppression of inhibition was induced
by depolarizing the postsynaptic membrane by injecting a 200-
ms depolarizing step that elicited a train of three to ﬁve action
potentials, followed by the depolarizing or hyperpolarizing steps
of 200ms in the presynaptic cell. These steps were elicited 900ms
after the end of the postsynaptic depolarizing step to allow the
complete relaxation of the postsynaptic membrane currents. The
postsynapticmembranepotentialwasheldat−55mV,forperiods
of 1.5s repeated at 0.33Hz. In control conditions (pre DSI) the
presynapticactionpotentialsorhyperpolarizingstepswereelicited
without any postsynaptic depolarization. The duration of record-
ing during pre and post DSI protocols was 90s, which included
30framesof synaptic/electricaleventscollected.Averagesof IPSPs
or voltage transfer were made from steady-state responses during
DSI,reached within 20–30s.
Drugs
Pharmacologywasperformedonpairsofcellsthatwereconnected
chemically and electrically coupled.
Datawerecollectedinthepresenceof bathapplied,CNQXand
D-AP5(50μM),MCPG(1mM),CPPG(100μM),andCPG55845
(100μM), naloxone (100μM) to block AMPA/kainate, NMDA,
mGluR,GABAB,andopioidreceptors,respectively(allfromTocris
Bioscience,UK).CB1receptorantagonists,AM-251(5μM;Tocris,
UK) was used to study the CB1 receptor pharmacology of IPSPs
elicited by Schaffer collateral-associated (SCA) interneurons.
Data analysis
Data were acquired and analyzed using Signal software (Cam-
bridge Electronic Design, Cambridge, UK). The electrophysio-
logical characteristics of the recorded cells were measured from
theirvoltageresponsesto500mscurrentpulsesbetween−0.2and
+0.1nA in amplitude. Averaging of IPSPs was triggered from the
risingphaseof thepresynapticspike.Amplitudesof apostsynaptic
event were deﬁned as the difference between the peak amplitude
and the baseline value before the onset of the IPSP. The IPSP
10–90% rise times, peak amplitude, and width at half amplitude
weremeasuredfromaveragedIPSPs.IPSPlatenciesweremanually
measured as the time delay between presynaptic action potential
peaks to the onset of the detectable IPSPs. The ﬂuctuations in the
IPSP latencies were quantiﬁed in non-overlapping time interval
sets of 5ms after each presynaptic action potential. To obtain esti-
mations of synchronous to asynchronous release the frequency of
IPSPs at set-time intervals were measured manually. Synchronous
release was taken as release of neurotransmitter (unitary voltage
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change in the postsynaptic cell, ﬁltered at 2kHz) within 0–5ms
latencies, whereas asynchronous release was taken as the change
in voltage falling within a time window of 5–15ms latencies. The
synchronicityratiowascalculatedfromtheestimatedratioof syn-
chronous release/asynchronous release (from data set of 100–300
sweeps).
Coupling coefﬁcients were calculated as the ratio between the
change of voltage transfer in the non-injected cell and that of the
currentinjectedcell.Steady-statecouplingcoefﬁcientsarereferred
to averaged transfer of hyperpolarizing and depolarizing pulses
without resulting in action potentials. Electrical transfers which
were mixed with IPSPs elicited in postsynaptic cells were mea-
sured from the baseline to the maximum point of transfer within
3–10msbeforetheonsetof IPSPs.Depolarizingpulsesresultingin
presynaptic action potentials which were transferred passively to
the postsynaptic cell are referred to as “spikelets.” These spikelets
were measured from the onset to the peak of the depolarizing
phaseofthepassivetransferinthepostsynapticcell.Spikecoupling
coefﬁcients refer to spikelets.
Data are given as mean±SD obtained from 50 to 250 sweeps,
graphplotsillustrateaverageddatafromindividualpairedrecord-
ing data and average population data±SE. Statistical signiﬁcance
was analyzed by Student’s paired or unpaired t-test.
MORPHOLOGY
Slices containing biocytin-ﬁlled cells were ﬁxed overnight in 4%
Para formaldehyde plus 0.2% saturated picric acid solution in
0.1M phosphate buffer (PB), pH 7.4 at 4˚C for immunoﬂu-
orescence or in 1.25% glutaraldehyde and 2.5% paraformalde-
hyde in 0.1M PB for standard Avidin–HRP–DAB processing (see
below). Extensive rinses were carried out between each step using
phosphate buffered saline (PBS 0.1M). The sections were freeze–
thawed over liquid nitrogen after cryoprotecting for 2×10min
in 10% sucrose, 2×20min in 20% sucrose with 6% glycerol, and
2×30min in 30% sucrose and 12% glycerol. The sections then
followed either a double immunoﬂuorescence (shorter recordings
of 10–40min) or a standard biocytin labeling protocol for longer
recording (40–90min).
DOUBLE IMMUNOFLUORESCENCE
After rapid freeze–thawing, the sections were washed in PB, and
then incubated in 1% sodium borohydride (NaBH4) solution in
0.1 PB for 30min. After further washes in PB to remove NaBH4
slices were incubated in normal blocking serum diluted in 0.1M
phosphatebuffersaline(PBS)for30min.Bothﬂuorescent-tagged
secondary antibodies used were raised in goat, 10% normal goat
serum (Sigma). The cells recorded in this study were incubated in
antibodies to vasoactive intestinal peptide (VIP) and CCK. The
rationale for using both these antibodies is that SR and lacuno-
sum moleculare cells are usually CCK or VIP positive. These
antibodies were raised against different antigenic targets, e.g.,
rabbit anti-VIP (B 34-1, source, Euro-Diagnostica B V, NETH,
1:1000 dilutions) and mouse anti-gastrin/CCK (gift, source, Cure
antibody laboratory, UCLA, 1:2000 dilution). Primary antibody
mixtures were made up with 3mg bovin serum albumin (BSA;
Sigma) per ml of diluents containing peroxidase-labeled ABC
Elite (ABC-peroxidase; Vector Laboratories) made in PBS and
incubated over night. The sections were washed in PBS prior to
incubating in secondary antibodies and avidin macromolecules
tagged with different ﬂuorescent markers. This cocktail contained
goat anti-rabbit IgG (diluted to 1:600, Molecular Probes) con-
jugated to Texas red, goat anti-mouse IgG (diluted 1:160; Sigma)
conjugatedtoFITCandAvidinconjugatedtoAMCA(1:250,Vector
laboratories). Following 3h of incubation at room temperature,
the sections were washed in PBS and mounted onto glass slides
in 50% glycerol in PBS and cover slipped. The sections were then
examined for ﬂuorescent labeling using a Leica DMR microscope
with appropriate ﬁlter blocks to visualize FITC, Texas red, and
AMCA respectively at ×40 magniﬁcation. Following immuno-
histochemical detections the sections were processed to reveal the
biocytin labeled cells as described below.
BIOCYTIN LABELING
The sections were incubated overnight in Vector ABC-peroxidase
(1:200) at 4˚C. The peroxidase group was revealed using 3 3
diaminobenzidine as the chromogen (Vector DAB kit). The visu-
alized cells were intensiﬁed with 1% osmium tetroxide and the
sectionswereclearedbydehydrationinanascendingseriesofalco-
hols to 100%, and then embedded in Durcupan resin (Agar Sci-
entiﬁc). The cells were reconstructed using a Zeiss Axioskop with
attached camera lucida. Morphometric analysis was performed
manually from two dimensional reconstructions of neurons.
The classiﬁcation of interneurons was based on electrophys-
iology, neurochemistry, and on gross morphology (Freund and
Buzsaki, 1996; Somogyi and Klausberger, 2005).
RESULTS
TodeterminetheextentofelectricalcouplinginCA1SR/SLM,dual
whole-cell recordings between interneurons were made. From 38
experimentsand270pairsofinterneuronstestedforelectricalcon-
nections, 23 interneuronal pairs were electrical coupled, of which
9 electrically coupled pairs were also innervated chemically, 4 of
which were reciprocal chemical connections.
MORPHOLOGICAL AND MEMBRANE PROPERTIES OF CCK
INTERNEURONS
Cholecystokinin-positive SCA cell bodies were found in SR and
SLM.TheirdendriticﬁeldsexpandedtoalllayersinCA1andwere
smoothly beaded in appearance. Their axons ramiﬁed predom-
inantly in SR with some branches passing stratum pyramidale
(SP) and extended into stratum oriens (SO; n =31). Figure 1
illustrates the morphological properties of two connected CCK-
positive SCA interneurons.Approximately,55% of pairs tested for
electrical coupling were revealed as two SCA cells.
Cholecystokinin-positive lacunosum moleculare–perforant
path (LM–PP) interneuron cell bodies were located in the border
of SR/SLM, their sparsely spiny dendrites extended horizontally
along the border of SR and SLM, with vertical branches entering
SLM. Their axonal arborization ramiﬁed in stratum lacunosum
molecular and extended to the dentate gyrus (n =7). Figure 2
illustrates an example of the morphological properties of LM–
PP associated interneurons. On average a single LM–PP cell was
tested with three other interneurons before ﬁnding an electrical
connection.
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FIGURE1|( A )Anatomy of two Schaffer collateral-associated (SCA)
cholecystokinin (CCK) positive cells reciprocally, chemically connected and
electrically coupled (see Figure 4 for electrophysiological properties), dark
red/blue cell soma, and dendrites corresponds with light red/blue axon,
respectively. Inset bottom right, hippocampal schematic with asterisk marking
location of paired recordings. (B) Photomicrographs of ﬂuorescence labeling
using epiﬂuorescent microscope (i) in blue, AMCA-Avidin labeling of
biocytin-ﬁlled pair, (ii) green shows positive CCK labeling of biocytin-ﬁlled cells
(closed arrows); (iii) in red, VIP labeling showing absence of staining in cells of
interest. (C) Permanent DAB staining of above cells, with boxes representing
location of magniﬁed pictures (i). Close apposition between proximal
dendrites of two cells (ii, iii). Putative autapse of dark blue cell (iv, v). Putative
synaptic connection, blue to red (vi), and red to blue (vii). Bottom scale bar,
100 μm [for (i) and Fluorescent images], top Scale bar 10μm (for ii–vii).
Cholecystokinin-positive SP basket cell body was located in SP,
with dendrites radiating vertically into SO and SR, ﬁne dendritic
branches terminated into SLM. The axons of these cells densely
innervated SP (see Ali et al., 1999; n =4). On average a single
SP basket cell tested with 6 other interneurons before ﬁnding an
electrical connection was found between them.
The intrinsic membrane properties of SCA and LM–PP cells
weresimilaranddisplayedfastadaptingﬁringpatterns.Theaction
potential widths were, 1.7±0.42 and 1.4±0.42ms for SCA and
LM–PP cells, respectively. The action potentials terminated with
a shallow after-hyperpolarizations and trains of spikes showed
accommodation or spike frequency adaptation (see Figures2C,D
for examples of ﬁring properties). The input resistances and the
membrane time constants were, 297±46 and 342±74MΩ and
24±4.3 and 29±4.5ms for SCA (n =12) and LM–PP (n =7)
interneurons, respectively.
Basket cells displayed similar adapting ﬁring properties, aver-
age action potential widths were 1.5±0.6ms with average input
resistance and membrane time constant of, 320±90MΩ and
25±5ms,respectively (n =4).
COMMUNICATION SOLELY VIA ELECTRICAL COUPLING BETWEEN CCKs
Schaffer collateral-associated–SCA cell pairs that were closely
spaced (5–10μm between somata) were electrical coupled and
putative somato-dendritic and dendro-dendritic contacts were
revealed by light microscopic analysis (SCA–SCA, n =6). The
average electrical distance from soma to putative contact was,
42±13.5μm( n =6). However, interneuronal pairs that were
some distance apart (10–50μm from somata to contact) were
also found to be electrically coupled,these included SCA–LM–PP
cells (n =4) and SCA–BC (n =4) connections. Putative somato-
dendritic and dendro-dendritic close contacts (average distance
from soma, 101±5μm) were seen between SCA–LM–PP cells,
whereas close contacts between dendrites (average distance from
soma, 110±15μm) were only observed between SCA–BC pairs
revealed by light microscopic analysis.
Electrical coupling were determined by injection of depolariz-
ing and hyperpolarizing current pulses that produced direct pas-
sivevoltagechangesinthenon-currentinjectedcell.Figures3A,B
illustrate examples of electrical coupling between SCA–SCA and
SCA–BC connections.
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FIGURE2|P r operties of two morphologically different CCK cells that
were electrically coupled. (A) Reconstruction of SCA (dark red dendrites and
red axon) and a lacunosum moleculare–perforant path associated cell (LM–PP ,
dark Blue dendrites and light blue axon). Insert (right) is a hippocampal
schematic with an asterisk marking the location of the recordings. (B)
Immunoﬂuorescence labeling using epiﬂuorescent microscope: (i) in blue,
AMCA-Avidin labeling of biocytin-ﬁlled pair, (ii) green shows positive CCK
labeling of biocytin-ﬁlled cells (closed arrows); (iii) in red, VIP labeling showing
absence of staining in cells of interest. (C) (i) Photomicrograph of a permanent
DAB-stain of both cells. (ii) An SCA to LM–PP dendro-somatic apposition,
which is shown enlarged in (iii). (D,E) Adapting ﬁring properties of the recorded
SCA and LM–PP cells in response to −0.005 and +0.5nA current injection.
Electrical transmission at connections solely connected via
electricalsynapseswasbidirectionalandsymmetricalatSCA–SCA
connections (bidirectional transfer was not signiﬁcantly differ-
ent, p ≥0.8, n =6, Figure 3A right panel). However, there was a
asymmetric difference in the magnitude of the transfer which was
strongerinonedirectionforsteady-statecouplingbetweenhetero-
geneous subclasses of interneurons; SCA–LM–PP cells and SCA–
BC connections (paired t-test, p ≤0.05, n =8, Figure 3B, right
panel) and between interneurons that were connected via both,
chemicalandelectricalsynapses(seenextsection).Thisasymmet-
rical steady-state coupling was similar to previous observations
where data for both types of connections were pooled (Ali,2007).
Steady-state electrical coupling potentials were in the range of
0.01 and 3.2mV in amplitudes with transfer duration in the range
of 147 and 250ms measured at half amplitude (in response to
200mscurrentpulse)at−64±2mV.Electricalcouplingfollowed
presynaptic action potentials with a delay of 3 and 18ms mea-
sured from the rising phase of the presynaptic action potential
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FIGURE 3 | Electrical synapses between CCK cells. (A) Pair of SCA
cells connected electrically, the average passive transfer of voltage was
always reciprocal and transfer in both directions recorded at −65mV is
shown. Right panel shows the steady-state coupling coefﬁcient at
individual SCA–SCA cell pairs, which were symmetrical if coupled solely
via electrical synapses (average values are represented by empty
symbols). (B) Pair of SCA and a basket cell (BC) electrically coupled.The
passive transfer of voltage was asymmetric at connections between
morphologically different CCK cells (BC and LM–PP cells).The
steady-state coupling coefﬁcient was lower in the direction from SCA
cells correlated with the lower input resistance of SCA compared to
LM–PP and BC cells. (C) Action potentials (APs) in SCA cell 1 is reﬂected
as spikelets in SCA cell 2. (Ci) A presynaptic action potential and a
spikelet are superimposed and shown on a larger scale.The adjacent
plots illustrate the spike coupling coefﬁcients from individual pairs of
SCA–SCA and SCA–LM–PP cell connections which were seen to have
close somato-dendritically and dendro-dendritic contacts at the light
microscope level. (D)The spike coupling coefﬁcient was not efﬁcient at
electrical connections between SCA and BC, interestingly close
dendro-dendritic contacts were observed only at the light microscope
level for these connections.There was a general trend in the efﬁciency of
transmission, spike coupling coefﬁcient (due to fast APs) was lower
compared to the transfer of the longer hyperpolarizing phase of the APs,
shown for both, somato-dendritic and dendro-dendritic groups shown in
the right panels of (C,D), average values±SE are represented by empty
symbols (x-axis represents individual pairs).
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to the onset of the passive membrane change of the steady-state
electrical coupling.
Figure 3 illustrates the steady-state coupling coefﬁcient for all
thepairsthatwerecoupledelectricallyonly,therewasasigniﬁcant
difference in the steady-state coupling coefﬁcient between SCA–
SCA cells and SCA-heterogeneous subclasses (unpaired t-test,
p ≤0.05, n =7). The average coupling coefﬁcients among SCA–
SCA cell pairs was 4.2±0.8% in one direction and 4.3±0.8% in
the opposite direction (n =6). The average steady-state electri-
cal coupling between SCA–LM–PP and SCA–BC was, 4.3±1.2%
(n =4) and 2.5±0.5% (n =4) in one direction (from SCA cells)
and 5.2±0.9 and 4.4±0.9% in the opposite direction (from
LM–PP and BCs) at −60mV, respectively. This asymmetric cou-
pling coefﬁcient was positively correlated with differences in the
input resistances; the higher input resistance of LM–PP cells and
BCs, was related to the greater steady-state coupling coefﬁcients
(r=0.92, p <0.05, n =8). Under different membrane potentials
the passive transfer of voltage was similar in BCs (and LM–PP
cells, data not shown), shown in Figure 3B, suggesting these cells
did not rectify and that rectiﬁcation of voltage was not the cause
of the asymmetrical differences observed.
Similar asymmetric differences were seen between multipolar
andbipolarcalretinincellsintheneocortexduetotheirdifferences
in the input resistances (Caputi et al.,2009).
To study the ﬁlter properties of the symmetrical and asymmet-
rical electrical coupling, the coupling coefﬁcient for transmission
of hyperpolarizing and depolarizing currents were compared.
At SCA–SCA and SCA–LM–PP connections the action poten-
tials transferred through electrically coupled CCK cells, during
supra-threshold depolarizing current pulses that elicited short-
lasting action potentials resulted in corresponding spikelets in the
postsynaptic cells that were biphasic consisting of depolarizing
and hyperpolarizing components (see Figure 3C). The depolar-
izing action potential transfer into spikelets were in the range
of 0.01 and 0.03mV and the average spike coupling coefﬁcient
was 2.3±0.8% for SCA–SCA connections and 1.4±1.3% for
SCA–LM–PP connections at −64±2mV. The spike coupling
coefﬁcients were membrane potential dependent and at a more
negative membrane potential of −72±3mV,there was a reduced
transfer of, 0.6±1% for SCA–SCA connections and 0.4± 0.5%
forSCA–LM–PPconnections.AtSCA–BCconnectionstheaverage
spike coupling coefﬁcient was 0.03±0.35%. The hyperpolarizing
component reﬂecting spike after-hyperpolarizations was in the
range of 0.02 and 0.1mV (average,4.1±0.5% for SCA–SCA con-
nections (n =6) and 2.8±2.0% for SCA–LM–PP connections)
and in the range of 0.005 and 0.011mV (average, 0.7±0.3%,
n =4)forSCA–BCcellconnections.Notethattheﬁlteringproper-
ties were more pronounced at SCA–BC cell connections, as single
ortrainsof actionspotentialsinonecellresultedinweakerpassive
transfer of action potentials and after-hyperpolarizations in the
non-current injected cells.
DUAL CONNECTIVITY VIA CHEMICAL AND ELECTRICAL COUPLING OF
CCK CELLS
Dual connectivity via GABAA receptor mediated chemical
synapses and electrical coupling will be the focus here. These
synapses were always seen to have close somato-dendritic, as well
as dendro-dendritic close contacts observed at the light micro-
scope level (n =9). Figure 4B illustrates the steady-state coupling
coefﬁcientinresponseto200mshyperpolarizingcurrentinjection
for individual pairs that were coupled electrically and chemically,
steady-state coupling coefﬁcient was asymmetric (see Figure4A).
The average steady-state coupling coefﬁcients at −70mV was
3±1.2%inonedirectionand4.1±1.5%intheoppositedirection
for SCA–SCA connections (n =5) and 5±1.6% in one direc-
tion and 8±1.4% in the opposite direction for SCA–LM–PP
connections (n =3). Figure 4E illustrates the difference in spike
coupling coefﬁcients of these synapses connected electrically and
chemically,average spike coupling coefﬁcients were,0.3±0.2 and
0.4±0.08% for SCA–SCA and SCA–LM–PP connections,respec-
tively. The average transfer of the after-hyperpolariztion phase
of spikes were, 3.5±1 and 8±1.4% for SCA–SCA (n =5) and
SCA–LM–PP (n =3) connections,respectively.
Presynaptic ﬁring (at 25–40Hz) elicited IPSPs which dis-
playedbrieftrainfacilitation(seeFigures4C,D).Unitarychemical
synapsesbetweenSCAandSCAhavebeenreportedpreviously(see
Ali, 2007, 2011; Ali and Todorova, 2010; for details of short-term
plasticity).Thepostsynapticresponseswerecomposedofelectrical
spike coupling potentials followed by IPSPs elicited after long-
latencies(range,3and7ms,average,4.3±3.5ms).TheﬁrstIPSPs
usually averaged between 0 and 0.05mV,due to a high proportion
of synaptic failures. The average amplitude of second IPSPs were,
1.09±0.6mV. The average ﬁrst IPSP rise time and width at half
amplitude was, 7±0.9 and 45±8ms,respectively (n =9).
TONIC ACTIVATION OF CB1 RECEPTORS ENHANCES ELECTRICAL
COUPLING
The amplitudes and the duration of electrical coupling poten-
tials were reduce during repetitive presynaptic ﬁring that elicited
trains of IPSPs in control conditions at synapses connected via
electrical and chemical innervations. The coupling coefﬁcient
during presynaptic ﬁring of 25Hz was, 0.5±0.16% with a dura-
tion of 14±3ms (pooled data for SCA–SCA and SCA–LM–
PP connections, n =9), compared to the steady-state coupling
coefﬁcient of 1.2±0.3% during presynaptic ﬁring resulting in
no IPSPs at a membrane potential close to chloride ion rever-
sal potential of −70±2mV (Figures 4C,D, p =0.05, n =9).
This suggests that the IPSPs curtailed the passive transfer of
voltage. CB1 receptor antagonist, AM-251, increased IPSP peak
amplitudes suggesting a tonic suppression of inhibition via CB1
receptors (see Ali and Todorova, 2010). During bath applica-
tion of AM-251, the average ﬁrst IPSP amplitudes increased to,
2.5±1.08mV (120% larger than control, p ≤0.05, n =8), this
increased inhibition curtailed the spike coupling coefﬁcient fur-
ther to, 0.08±0.11% (see Figure 4F for individual connections).
The enhanced inhibition was also accompanied by reduced asyn-
chronous release and increased synchronicity ratio of, 5.6±1.2
(control, synchronicity ratio was, 0.6±0.53, p ≤0.05, n =8, see
also, Ali and Todorova, 2010). The increased synchronicity was
accompanied by a reduced average IPSP latency of, 3.5±0.95ms
(average control latency, 4.3±3.5ms). This is also reﬂected in
the shorter duration of the ﬁrst spikelet transfer of, 7.5±2.3ms
during AM-251.
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FIGURE 4 | Dual connections via electrical and chemical synapses at CCK
cells. (A)The passive transfer of voltage was always reciprocal and transfer in
both directions recorded at −70mV is shown. (B,C) Examples of IPSPs
reducing the steady-state coupling coefﬁcients at a electrical connection
between SCA and SCA cells that also received reciprocal chemical inputs.The
average IPSPs elicited at −55mV in response to a train of presynaptic action
potentials displayed synaptic facilitation.These IPSPs enhanced in peak
amplitude during bath application of cannabinoid type-1 (CB1) receptor
antagonist, AM-251, which further reduced the passive electrical transfer. (D)
The transfer of voltage was asymmetric at electrical synapses that were also
chemically connected. (E) Similar to pure electrical synapses the efﬁciency of
transmission for fast APs was lower in comparison to the hyperpolarizing
phases of the APs. (F)The AP transfer in control and bath application of
AM-251 is shown for individual pairs.The AP transfer was reduced in AM-251
(probably as a result of enhanced IPSPs). Data for individual pairs are shown
in (C,E,F), average values±SE are represented by empty symbols.
DSI ENHANCES ELECTRICAL COUPLING AT ELECTRICAL SYNAPSES
THAT RECEIVE CHEMICAL SYNAPTIC INPUTS
The average IPSP latency was 4.5±3.6ms during DSI and was
comparable to control average latency. There was a high pro-
portion of asynchronous release in control and during DSI and
synchronicity ratios were comparable, 0.62±0.53 and 0.75±0.8
in control and during DSI, respectively (p ≤0.05, n =8, see
Figures 5A,Ai). This maintained asynchronous release of GABA
duringDSIprobablyreﬂectstheincreaseddurationofthespikelets
(average duration was, 46±4ms, a 200% increase) shown in
Figures 5B,Bi).
The steady-state coupling coefﬁcients were found to be con-
siderably larger during the DSI protocol as DSI reduced the
amplitudes of IPSPs. Average ﬁrst amplitudes were reduced
to, 0.12±0.1mV (95% reduction of control, n =5). However,
at pure electrical connections, DSI did not change the cou-
pling coefﬁcients, shown in Figure 5C (paired t-test, p ≥0.5,
n =3). This suggests that the enhancement of electrical cou-
pling during DSI can only be attributed to electrical synapses
that are also chemically connected. Figure 5D illustrated the
spike coupling coefﬁcient during control and DSI. The spike
coupling coefﬁcient during DSI was, 1.06±0.25% (control
average value, 0.3±0.2%) and 0.9±0.05% (average control
value, 0.2±0.08%) for SCA–SCA and SCA–LM–PP connec-
tions, respectively. Bath application of AM-251 prevented the
DSI effects as a result of larger IPSP amplitudes and on aver-
age reduced coupling coefﬁcients to, 0.08±0.11% (84% reduc-
tion of control). Figure 5E illustrates that larger IPSPs were
related to smaller passive transfer of voltage (r =0.55, p <0.05,
n =23).
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FIGURE 5 | Depolarization induced suppression of inhibition (DSI)
enhances efﬁciency of electrical coupling. (A) SCA–SCA pair
connected via electrical and chemical synapses. Faint traces represent
single sweep data, bold traces are averaged responses. During DSI the
efﬁciency of the passive transfer of voltage was stronger as DSI reduced
IPSPs compared to control IPSPs. (Ai) superimposed single sweep
IPSPs elicited during DSI show asynchronous release of GABA similar to
control conditions. (B) Averaged biphasic IPSPs, DSI reduced averaged
IPSPs (blue trace), which was prevented during bath application of
AM-251. Note that AM-251 also changed facilitation to synaptic
depression (see Ali, 2011, for further details). (Bi) Superimposed
spikelets in control and DSI, enhanced transfer of amplitude and duration
of the spikelets resulted during DSI. (C) SCA–SCA pair connected purely
via electrical synapses. Averaged responses in control and during DSI are
superimposed to illustrate that DSI did not enhance coupling coefﬁcient
at these synapses. (D) AP transfer in control and during DSI for individual
pairs (average data±SE are represented by empty symbols, x-axis
represents individual pairs). (E) Plot of AP transfer and IPSP peak
amplitudes, larger amplitude of the IPSPs (during AM-251, shown in red)
was related to lower passive transfers.
DISCUSSION
Our results demonstrate that electrical coupling between CCK
interneurons of the CA1 region occur between cells of the same
morphological subclass and also connections between hetero-
geneous cell types. Within networks of CCK interneurons the
synergy between the electrical and chemical synapses probably act
asmechanismstomodulaterhythmicsynchronizationviaactivity-
dependent endocannabinoid release; while DSI via CB1 receptor
activation enhance and prolong electrical coupling, diminished
CB1 receptor activity resulted in precisely timed enhanced inhibi-
tion leading to a decline in electrical coupling, which is perhaps a
mechanism for desynchronization.
ELECTRICAL COUPLING BETWEEN MORPHOLOGICAL SUBCLASSES OF
CCK INTERNEURONS
Heterogeneity in the morphology, intrinsic membrane property
and expression of neuropeptides and calcium binding proteins
exists between subclasses of CCK cells (Kubota and Kawaguchi,
1997; Pawelzik et al., 2002; Losonczy et al., 2004; Ali and Todor-
ova, 2010). The asymmetry of the coupling coefﬁcient between
heterogeneous cells can not be attributed to junction rectiﬁcation,
butdifferentialelectricalsizeof thecellsreﬂectedinthedifferences
in the input resistance. The divergent electrical coupling reported
hereisconsistentwithneocorticalstudiesreportingelectricalcou-
plingbetweenmultipolarandbipolarcalretinincells(Caputietal.,
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2009) and between NGF cells and several other subclasses of
interneurons shown to be connected via somato-dendritic cou-
pling (Simon et al., 2005; see also Venance et al., 2000; Chu et al.,
2003). Our ﬁndings support dendritic spatial computation mod-
els and the predictions that the input resistance at the dendrite
of the asymmetrical model (compared to symmetrical coupling
model) is directly related to the degree of asymmetric coupling
that could a play important role in dendritic excitability (Kim and
Jones, 2011).
Communication solely via electrical coupling between SCA
cells and between SCA and other CCK interneurons here can syn-
chronizepairsof interneuronsastheywereconnectedviaputative
somato-dendritic gap junctions, although the dendritic coupling
between SCA and basket cells could limit the size of electrically
coupled networks due to ﬁltering properties, which is reﬂected
by the weak spike-spike coupling displayed at these connections.
Othershavealsoreportedthatnetworksof NGFcellsdisplayweak
spike-spike transmission (Galarreta and Hestrin, 1999; Gibson
et al., 1999; Blatow et al., 2003; Simon et al., 2005). However,
the arrangement and number of gap junctions within a single
connection could inﬂuence the formation of widespread electri-
cally activity. CCK cells that were connected between subregions,
e.g., SCA–LM–PP cells probably play a role in shaping oscillatory
activity across subregions of the hippocampus and the dentate
gyrus since these two interneuronal groups are able to integrate
excitation received from different subregions.
DSI VIA CB1 RECEPTORS ALTER ELECTRICAL COUPLING AT CCK
INTERNEURONS
Ithasbeenproposedthatendocannabinoidsmaynegateinhibitory
transmission at speciﬁc inputs that could disrupt synchronized
oscillations in certain frequency ranges (Katona et al., 1999) and
disrupt spike timing decreasing the power of neuronal oscilla-
tions (Robbe et al., 2006). This is also consistent with studies
suggesting that the activation of CB1 receptors interferes with
neuronal network oscillations and impairs sensory gating func-
tion in the limbic circuitry (Hajós et al., 2008). We demonstrate
for the ﬁrst time that DSI and CB1 receptors alter electrical cou-
pling (that probably enhances synchronization) at connections
that were coupled via both chemical and electrical synapses, but
notatpureelectricalsynapses,suggestingtwodistinctpopulations
of electrical synapses. Synapses that are both chemically and elec-
trically coupled have been reported previously in various regions
of the CNS and perhaps this dual connectivity is a general mech-
anism for modulating synchronization as chemical synapses were
also shown to curtail electrical activity (Kosaka and Hama, 1985;
Koos and Tepper, 1999; Tamas et al., 2000), our results corrob-
orated and extended these ﬁndings. This type of modulation is
perhapsanimportantpropertyof CA1,CCKinterneuronsincon-
trollingandsettingthephasingaccuracybyallowingintegrationof
tonicinhibitionmodulatedviaCB1receptorsandelectricalpoten-
tials during DSI as a high proportion of SCA–SCA cells received
chemical synapses that were electrical coupled.
Previously it has been demonstrated that DSI is mediated via
retrograde release of endocannabinoids from the postsynaptic
cell (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001; Ali,
2007). In the absence of CB1 receptor activity, tonic suppression
of inhibition resulting in periods of enhanced inhibition negated
the transfer of electrical potentials, suggesting that CB1 receptors
playanimportantroleinmodulatingelectricaltransfer.Irregular-
spiking interneurons that expressed CB1 receptors and sensitive
to CB1 receptor pharmacology have been reported to be elec-
trically coupled in the neocortex (Galarreta et al.,2004),although
theseelectricallycoupledcellsdidnotdisplayasymmetriccoupling
coefﬁcients and were solely coupled electrically.
It is interesting to note that connections between CCK and
postsynaptic pyramids and interneurons show marked asynchro-
nous release (Hefft and Jonas, 2005; Galarreta et al., 2008; Karson
et al., 2009; Ali and Todorova, 2010; Daw et al., 2010). Asynchro-
nous release,where a presynaptic action potential loosely coupled
to vesicle release or postsynaptic activation, may be consequen-
tial to the nature of synaptic transmission; a temporally dispersed
GABA concentration transient may confer a tonic, rather than
phasic, response. This is in contrast to fast spiking parvalbumin
positive interneurons which show tightly coupled release (syn-
chronous) to the presynaptic action potential; this reﬂects the
importance of CCK interneurons in providing a temporal frame-
work for excitability in the postsynaptic cell (Hefft and Jonas,
2005; Glickfeld and Scanziani, 2006). Other differences between
CCK interneurons in CA1 compared to the inhibitory network of
fast spiking, parvalbumin cells include their slower time courses
of IPSPs and short-term dynamics. Communication among CCK
cells displays synaptic facilitation (Ali, 2011; see also Losonczy
et al., 2004; Hefft and Jonas, 2005), in contrast to depression
observedatCCKandparvalbumincellsconnectedtopostsynaptic
pyramidalcellsandbetweenparvalbumincells(Tamasetal.,2000;
Galarreta et al., 2008). These properties unique to the inhibitory
network of CCK interneurons, i.e., synaptic facilitation and asyn-
chronous release between CCK cells in CA1 have been shown to
be governed by CB1 receptors (Ali and Todorova,2010). Together
these studies illustrate that fast spiking and CCK inhibitory net-
work are different in their synaptic properties which translate to
their functional roles in the network. Electrical coupling between
fast spiking parvalbumin cells aids fast rhythmic synchronous
entrainmentof actionpotentialﬁring,aidingthestabilityof oscil-
latory network activity/temporal pattern formation (Tamas et al.,
2000), whereas CCK cells which are connected via electrical and
chemicalsynapsesmayallowdesynchronizationof thisfastrhyth-
mic activity as the chemical synaptic activity is governed by the
powerful modulator endocannabinoids.
In conclusion we report two differentially connected CCK
interneuronal networks; communication solely via electrical cou-
pling between heterogeneous cell types and electrically coupled
cells which also receive chemical inputs, thereby providing two
distinct functional inputs. The electrical coupling between CCK
cells of different subtypes may play an important role in shaping
network oscillations as they are able to coordinate and inte-
grate excitation from different hippocampal sub regions. CCK
cells involved in ﬁne temporal encoding of the postsynaptic
cells and rhythm generation are inﬂuenced by many factors
including; asynchronous release, strength of inhibition (mod-
ulated via DSI/CB1 receptors) and electrical coupling. These
factors probably inﬂuence synchronization/desynchronization in
an activity-dependent release of endocannabinoid release in CA1.
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